T here is an increasing requirement to develop vehicles within a shorter time frame. Achieving a rapid vehicle development programme reduces cost and maximises the impact of a new vehicle in an extremely competitive market place. Electronic systems form a key aspect of modern vehicles that contain increasingly more electronic control units (1998 Mercedes S-Class 40 and 2002 BMW 7-Series 47). The increased use of electronic control systems requires that a smarter and more efficient means of development and testing be deployed. Hardware in the Loop (HIL) systems are an important technology enabling integrated electronic control systems to be developed within the time frame defined by the vehicle development process and with a reduced reliance on expensive prototype vehicles. Such HIL systems provide a flexible test environment that can be updated and modified as the vehicle and corresponding systems develop throughout the duration of a vehicle programme.
Within Jaguar Cars, considerable use is made of Hardware-in-the-loop (HIL) systems to support various stages of the development of a vehicle system electrical architecture and individual Electrical Control Units (ECU). An HIL test platform allows the integration of real control system hardware, often a controller under test, with a simulation model representing the real environment in which the controller under test operates. The simulation model, commonly called a plant model, is designed to be executed as compiled code on a target microprocessor that forms a part of specially designed HIL hardware. The HIL system also includes signal conditioning hardware that provides an interface between the controller under test and the virtual world of the plant model. Figure 1 shows a typical HIL system used for testing control system software. The system shows a PC that has a hardware communication device linking it to the HIL hardware. An interface between a development tool and the system under test is also often installed to enable calibration and system data analysis to be carried out. Also required is HIL user interface software, test automation software and model development software, such as Matlab/Simulink, for plant model construction. The use of automated test software promotes the efficient use of HIL systems. It enables repeatable tests, normally carried out manually by test engineers, to be executed on the HIL system. Typical tests performed on an automotive ECU are short-and open-circuits on I/O that exercise ECU diagnostic software. In addition, automated tests are developed to verify the base functionality of the ECU. An important feature of test automation software is the ability to store test results and present them in a readable format that is easily analysed.
The HIL hardware has a processor capable of running a compiled plant model and signal conditioning that provides the interface between the real signals of the system under test and the virtual signals of the plant model. It is common for an HIL test platform to have a power supply that can be controlled to simulate different operating conditions and various un-modelled system hardware such as actuators. An important part of an HIL test platform is Fault Insertion hardware. This allows the system under test to be subjected to failure modes that represent real-world system faults such as sensor, actuator or harness failures.
In addition, a process for the development of vehicle control system software is given that shows HIL systems employed at various stages of software development. The extension in the use of HIL-based testing reflects the increased complexity of a complete vehicle electrical architecture that consists of many interdependent control systems. It also corresponds to the increasing trend to take more responsibility for the complete development of control system software as opposed to relying on suppliers to provide electronic hardware complete with software.
A discussion is included that touches on a number of issues that surround the use of HIL for vehicle control system development, each of which has an impact on the effectiveness of using HIL systems. Such issues are collaborations with suppliers, the development of a common vehicle modelling architecture, plant model validation, the skills required to use such HIL systems and the development and use of automated test systems.
V-cycle controller development process
The approach largely adopted for control system development follows the stages defined by the V-cycle shown in Figure 1 . This common approach places HIL testing on the right-hand side of the V and is a distinct phase of the control system development process. Figure 2 illustrates the V-Cycle that defines a common control system development process. The process begins by defining a set of functional requirements for a system from which a simulation model of the control system is developed. Following the development and testing of a simulation model, a rapid prototype phase may follow whereby the control system can be embedded into a prototype platform in a vehicle. In addition to providing an invehicle test platform, this phase also allows new systems to be demonstrated and evaluated. The construction and verification of a controller model is followed by the development of the embedded code and the target ECU. This phase is typically carried out by a supplier with specialist knowledge of a particular system. Following delivery of the ECU and software, HIL systems are used to carry out various forms of functional testing of the strategy and associated diagnostic routines. The types of testing well suited to being carried out using HIL systems are those tests that are repetitive, such as testing for system failure modes. These types of tests take up valuable engineering time that can be utilised on designing and engineering better solutions rather than simply being used to verify the performance of a particular system against its specification. The final phase of the V-cycle is the use of vehicle testing for final verification of the software, hardware and its calibration.
V-cycle

Example: diagnostic software verification
Vehicles sold throughout the world require certification that they meet set emission thresholds, defined by the OBDII and EOBD standards 1,2 . To achieve certification, all sensors and vehicle sub-systems that may affect vehicle exhaust emissions have to be monitored by an On-Board Diagnostic (OBD) system that is part of the EMS. In the event of component or sub-system failure, a check engine light must be illuminated as an indication to a driver that there is a problem so corrective action can be taken. The performance of each diagnostic is linked to legislated emission thresholds which are becoming ever more stringent. As the use of electronics continues to grow, more complex control and diagnostic strategies are developed, leading to an increase in the calibration effort required to ensure that OBD systems continue to operate according to specification. Due to this level of sophistication HIL rigs are being used to help the development process.
A good example of the use of HIL rigs within the control system development process is the use that is made as part of the tests that are undertaken for the Legislated Diagnostics. For these tests each pin of the ECU has to be disconnected and the fault present for two engine start cycles before the fault is then logged internally within the ECU. Once the diagnostic has been triggered, this information is stored within the ECU for a period of 40 drive cycles before being cleared automatically by the ECU. To check the correct operation on a vehicle is a very time-consuming task especially as a typical Transmission Control Module contains >35 pins and Engine Management System can contain >130 pins. By using an HIL rig, these tests can be carried out using test automation which results in a repeatable test procedure that can be easily repeated at each software release. Using a manual process it would only be possible to test the whole ECU once per vehicle development due to the amount of Engineers and prototype vehicles time required.
Example: regression testing
Another use of the HIL rigs within the development process of the engine management ECU is regression testing. This allows a comparison to be made between one EMS software/calibration release and another. Initially a base line set of tests is undertaken for a number of steadystate conditions. The sensor, actuator and ECU parameters are monitored and this information stored as a baseline test. When there is a new release of software, the same set of tests can be carried out and compared to the baseline results; if the new results lie outside a given tolerance, then the differences can be investigated to determine the differences in the two sets of software. Figure 3 shows a typical result from the regression test report documentation. The bottom subplot shows the different Engine Speed and Load conditions used during the test. The top subplot shows a solid line which is the average value for the baseline set of results and an associated tolerance limit, given by the shaded region. For the second set of tests all of the results should fall within this tolerance band. As can be seen in Figure 3 , there are three crosses indicating three instances where something has changed within software. These specific Engine Speed and Load points can then be investigated to see if there is a specific problem with second release of software and calibration.
Example: test automation
An important feature of test automation is the ability to generate test reports automatically. This then allows the results of tests to be acted upon quickly.
Extended use of HIL for vehicle control system development and test
The V-cycle described in the previous section shows the approach adopted for control system development that emphasises the use of HIL testing on the right hand side of the V. This approach remains valid for testing many of the control systems fitted in vehicles today. However, the use of HIL is being extended to support other elements of the control system development cycle. In particular, this is the case with an increased effort to take a more holistic approach to engineering integrated electrical systems for vehicles.
There is a benefit for vehicle manufacturers such as Jaguar Cars to develop control systems independently of third-party suppliers. In addition to having ownership of the intellectual property that corresponds to a particular system, developing systems that differentiates our cars from those of competitors is important. Systems or features developed 'in-house', by engineers with in-depth knowledge of the company, help to define the brand and this is important in a very competitive market. To help achieve brand differentiation, a larger part of the control system software development is being undertaken by Jaguar Cars. With this effort being made to take a more holistic approach to engineering integrated electrical systems for vehicles, HIL systems are being used increasingly as a tool throughout the development cycle.
The natural first step for extending the use of HIL systems is to combine a number so-called 'stand-alone' HIL test platforms to create an integrated test environment. This has been achieved with the development of an integrated power-train HIL test platform that combines several real control systems.
A further step in the use of HIL systems corresponds to the increase in the development of software 'in-house'. The development of off-line control system models provides the potential to combine real and virtual controllers in a 'combined HIL -virtual test and development platform'.
Integrated power-train and chassis test platform
The integrated power-train and chassis test platform makes use of the latest HIL technology that allows a number of individual 'stand-alone' HIL test platforms to be connected to form a larger test platform. Figure 4 shows the systems that have been linked to create an integrated powertrain and chassis test platform. The HIL Link shown in Figure 4 represents a connection between HIL processor systems that enables the timely exchange of data between separate system plant models ensuring the correct synchronisation of overall model functionality.
These are the Engine Management System (EMS), the Transmission Control Module (TCM) and the Dynamic Stability Controller (DSC). On the real vehicle, these systems are linked via a communication bus and a number of signals are passed from one controller to another. With this in mind, it is useful for engineers to have the ability to test system integration using real hardware prior to the building of confirmation prototype vehicles. It is common for control system integration to be problematic during the initial build of prototype vehicles. Issues found at this stage of a vehicle development programme are time-consuming to resolve and often require changes to control system software to be made.
The approach adopted here maximises the use of individual test platforms to resolve system integration issues. Each stand-alone HIL test platform can be used in isolation or as a part of a larger integrated system. As use is made exclusively of existing HIL test platforms, the cost of developing integrated test platform hardware is therefore very low. The flexibility provided by the ability to link HIL systems means that other systems can be added easily without having to redesign hardware.
Combined HIL-virtual test and development platform
A combined HIL-virtual test platform has been built to support the development of an integrated body electronics system for a new vehicle. Taking a model-based approach to the design of control system software has allowed HIL technology to be used to test system integration prior to having physical ECU hardware available. The use of HIL systems for testing a combination of virtual and physical controllers allows more complete testing to be carried out earlier in the life of the vehicle development programme than has been previously possible. Figure 5 illustrates the use of a combined HIL and virtual development and test platform applied to the phases of a model-based controller development process.
The first phase is 'off-line controller modelling' in which a comprehensive set of control system requirements are translated into a control system functional model. In order to construct and test a control system model, it is useful to employ a suitable vehicle plant model to close the control loop. Giving careful consideration to the specification and design of such a plant model during this initial phase can help to extend its use to form the basis of a plant model to support subsequent HIL testing phases.
The second phase is 'rapid controller prototyping' during which the functionality of control system models is evaluated in engineering vehicles using specialist rapid prototyping hardware. This phase allows candidate control systems to be demonstrated to vehicle evaluation teams prior to production software being written. The third phase is 'virtual integration test'. This phase uses HIL platforms as a means of executing a combination of control system models in 'real-time' by linking them to a single vehicle plant model.
The fourth phase is 'target controller development' during which control system models are translated into production ready software either by hand-coding, auto-code generation or a combination of both.
The fifth phase is 'combined HIL-virtual integration test'. This phase requires the model that supports the virtual test platform to be modified to allow a combination of actual and virtual control systems to be linked. This enables real control systems to be tested as they become available. The final phase prior to vehicle testing is 'HIL test' that relies on having available all of the real control systems.
The development of a HIL system to support the complete model-based controller development process also allows test scripts to be developed for the 'virtual' controllers and then re-used when physical hardware becomes available.
Issues with using HIL in practice
Whilst there are many benefits to be gained from the use of HIL test systems, there are also a number of issues surrounding their use in practice.
Environment issues have to be considered when testing controller hardware and software using HIL. This not only means ambient conditions such as temperature and pressure but the physical link between HIL system and ECU. For example, communication bus lengths and terminations will be different in a vehicle compared to the HIL test system. Vehicle grounding may be quite different in practice and ground shifts effects are difficult to simulate. In HIL systems it is common practice to use analogue voltage channels as an ECU sensor input, whereas in reality, the sensor may be resistive. This is usually acceptable in terms of simulating an ECU input. However, care has to be taken not to overlook circuit effects during failure mode, such as back-feeding voltages to the ECU via sensor paths, which may occur in the vehicle but not be present when using HIL.
Following the initial outlay on the HIL system, the majority of the subsequent cost can be incurred in developing vehicle plant models to support controller testing.
The control system development process outlined in Figure 4 indicates the requirement for a suitable plant model from the project outset. To ensure the consistency of plant models used throughout the development process, a common vehicle modelling architecture has been designed. Plant models used at Jaguar Cars are constructed to a company standard known as the Vehicle Model Architecture (VMA) 3 . The VMA forms an important element of the control system development process. A common standard for developing plant models promotes company-wide reuse and sharing of models and allows models of differing fidelity to be constructed within a single model architecture.
A common architecture also facilitates the linking of subsystem plant Vehicle plant model fidelity and validation are important aspects related to the use of HIL for controller software verification. In order that less reliance is placed upon the use of prototype vehicles for testing, it is important that engineers have the confidence that HIL systems are sufficiently representative of a vehicle for their tests to be valid.
The skills required by engineers to develop and use HIL systems should not be overlooked. The desire to move to a model-based software development process has to be backed up by providing engineers with the training required to carry out the process.
The use of automated test systems provides one of the biggest potential benefits for using HIL platforms. It is important that such automated test systems are easy for engineers to use without needing to write low-level software programs. The situation at present is that commercially available tools still fall a little short of this basic requirement. This makes it necessary to employ engineers with specialist software skills to either develop tools that are easy to use or even to write test scripts.
Another shortcoming of present HIL technology is the lack of support for fast communication protocols such as MOST and D2B used for automotive multi-media systems.
The lack of support for such protocols limits the scope of testing automotive control systems using HIL to those systems that use CAN-based communication technology.
Company philosophy may be an issue for changing the way in which system development is undertaken. Company-wide support for the use of HIL technology is an important requirement for changing the way in which electronic control systems are developed. Sufficient resource is required to purchase and develop HIL systems in addition to the allocation of engineering time that is necessary to promote their use.
Conclusions
Hardware in the Loop equipment is proving to be a useful tool for testing control system software and hardware. Certainly within the automotive industry, a key advantage of HIL technology is that it provides the ability to carry out automated testing whilst providing a facility that can be readily updated as vehicle programmes develop. However, HIL does not always offer the test panacea you may be seeking and as such some of the issues that have been highlighted within the paper need to be considered when planning a test facility using HIL.
